Shatsky Rise, a medium-sized large igneous province in the west Central Pacific Ocean, has three main topographic highs that preserve a thick sedimentary record from Cretaceous through Cenozoic. During Ocean Drilling Program (ODP) Leg 198 to Shatsky Rise, a total of ~768 m of late Miocene-Holocene sediments was recovered from six sites. Sites 1207 and 1208 were drilled on the Northern and Central Highs, respectively, and yielded expanded late Miocene-Holocene sequences. Sites 1209, 1210, 1211, and 1212 were drilled on the Southern High and yielded shorter sequences of similar age. Clearly interpretable magnetic stratigraphies were obtained from all sites using the shipboard passthrough magnetometer. These results were augmented using discrete sample cubes (7 cm 3 ) collected shipboard and measured postcruise. Miocene age sediments are separated by a hiatus from Oligocene, Eocene, and Cretaceous age sediments beneath. An astrochronological age model was developed for the six sites based on cycles observed in reflectance data, measured shipboard. This age model is in good agreement with published astrochronological polarity chron ages in the 1-to 6-Ma interval.
INTRODUCTION
Shatsky Rise is a medium-sized large igneous province in the westCentral Pacific Ocean (Fig. F1) and is possibly the oldest existing oceanic plateau. The rise consists of three prominent topographic highs. Sites 1209, 1210, 1211, and 1212 were cored on the Southern High . Eight sites on the Southern High of the rise were drilled during Deep Sea Drilling Project (DSDP) and earlier Ocean Drilling Program (ODP) legs (Sites 47, 48, 49, 50, 305, 306, 577, and 810) . Of these, ODP Sites 577 and 810 provided interpretable Neogene magnetic stratigraphies.
Sites 1207 and 1208, from the Northern and Central Highs, provided unexpectedly expanded late Miocene (12.5 Ma) to Holocene sequences. These locations had not been cored during previous DSDP/ODP expeditions. The initial age model for all of the sites was based on correlation of the sequence of polarity zones to the geomagnetic polarity timescale (GPTS) Kent, 1992, 1995) . Mean sedimentation rates at the five sites vary from 1 to 4 cm/k.y. Latitude and longitude of the sites and basal ages of the Neogene sediments are given in Table T1 . Neogene sediments at the sites consisted mostly of light gray to pale orange nannofossil oozes with varying amounts of clay, radiolarians, and diatoms. Magnetic susceptibility is low (<2 × 10 -5 SI) at all the sites and shows a decreasing trend from the Quaternary to the late Miocene. Composite sections were constructed shipboard for four of the sites (1209, 1210, 1211 , and 1212) using multisensor track (MST) data including magnetic susceptibility and gamma ray attenuation (GRA) bulk density and also reflectance data. Sites 1207 and 1208 were not doublecored, and depths at these sites are in meters below seafloor (mbsf). The magnetic stratigraphy from the six sites (1207-1212) was based on shipboard pass-through magnetometer measurements and discrete samples measured postcruise.
Sediments from five of the sites (1207-1211) showed a prominent cyclicity in reflectance data for parts of the sections, and this is the basis for the construction of an astronomically tuned age model for the 0-to 8-Ma interval. The astronomically calibrated polarity timescale has been well established for the 0-to 6-Ma interval (Shackleton et al., 1990 (Shackleton et al., , 1995 Hilgen 1991a Hilgen , 1991b . Hilgen (1991a Hilgen ( , 1991b produced his astronomically calibrated polarity timescale for the 2-to 5.23-Ma interval using sapropel occurrences and carbonate content in Mediterranean sections. These polarity chron ages were incorporated into the GPTS of Cande and Kent (1995) .
In this study we produced an astronomically calibrated magnetic reversal stratigraphy for the 0-to 8-Ma interval. This is in good agreement with Hilgen (1991a Hilgen ( , 1991b and Shackleton et al. (1995) in the 0-to 6-Ma interval. In the 6-to 8-Ma interval, polarity chron ages are in better agreement with the Shackleton et al. (1995) timescale, differing by up to ~200 k.y. from that of Hilgen et al. (1995) and the new Astronomically Tuned Neogene Time Scale (ATNTS2004) of Lourens et al. (in press ).
METHODS
Two types of paleomagnetic measurements were made on sediments collected during ODP Leg 198; pass-through measurements on half- 
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cores and discrete sample measurements. Discrete sample cubes (2 cm × 2 cm) were collected during Leg 198 to augment measurements using the shipboard pass-through magnetometer. Shipboard measurements on half-cores were made at 5-cm intervals. A total of 747 discrete samples were taken at 50-cm intervals. Discrete samples were collected from the center of the half-cores to avoid deformation at the outer edges of the core. Magnetic measurements on the cubes were performed in the magnetically shielded room at the University of Florida (USA) using a 2G Enterprises cryogenic magnetometer. The samples were step-wise alternating-field (AF) demagnetized using a D-Tech D2000 AF demagnetizer. Magnetization component directions were determined using the method of Kirschvink (1980) , applied to the 20-to 60-mT peak field demagnetization interval. The astrochronology developed for Sites 1207-1211 was based on cycles seen in reflectance data (L*) measured shipboard on a purpose-built track. Reflectance of visible light from soft-sediment cores was measured using a spectrophotometer at 2.5-cm intervals and provided a high-resolution record of color variations for visible wavelengths (400-700 nm). L* reflectance represents "lightness" of the sediment, which is usually controlled by changes in percent carbonate.
The initial age model for each site was based on correlation of the polarity zone sequence to the timescale of Cande and Kent (1995) . Power spectra using the Blackman-Tukey method with a Bartlett window from the Analyseries software of Paillard et al. (1996) indicate the presence of obliquity and eccentricity peaks. The reflectance data were then tuned to the astronomic solutions for obliquity from Laskar et al. (1993) . This allowed astronomically calibrated ages to be assigned to the polarity reversal boundaries at Sites 1207-1211. Site 1212 was not included in the astrochronology, as it contains a hiatus at 4-5 Ma.
MAGNETOSTRATIGRAPHIC INTERPRETATION
Site 1207 is the only site that has been drilled on the Northern High of Shatsky Rise. The sediment recovered was mostly Neogene in age (0-163.8 mbsf) underlain by Campanian and older oozes and cherts. The sediment consists of nannofossil ooze with diatoms, radiolarians, and clay in varying amounts . The samples taken for paleomagnetic analysis were AF demagnetized in 5-mT steps up to either 50, 60, or 70 mT, depending on the intensity of the natural remanent magnetization (NRM). Less than 10% of the NRM remains after demagnetization at these peak fields, indicating a lowcoercivity remanence carrier, most likely magnetite. Orthogonal projections of demagnetization data (Fig. F2A) show well-defined components for most of the Neogene section after removal of the steep drilling-related overprint at peak AF fields of 20 mT. Maximum angular deviation (MAD) values are low for most of the section (<10°), indicating well-defined characteristic magnetization components; however, some intervals, particularly the interval between 50 and 60 mbsf (Fig.  F3A) , have slightly higher MAD values and less well defined components. The interpretation of the magnetic stratigraphy from shipboard and discrete sample data can be accomplished by polarity zone pattern fit to the GPTS Kent, 1992, 1995) (Table T2 ). This pattern fit is satisfactory to the base of Subchron C5An.1n (Fig. F3A, F3B ). Below the polarity zone equivalent to Subchron C5An.1n, recovery was intermittent and biostratigraphy indicates a hiatus with Campanian age sed- 
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iments below . Sedimentation rates average 1-2 cm/k.y. throughout the section with some slightly higher (3-4 cm/k.y.) rates in the Late Pliocene and late Miocene (Fig. F4A) . Component declination has been corrected for each core using Tensor orientation data measured shipboard. The mean inclination in normal polarity zones for the site is 57.8°, close to the expected inclination of 56° for a geocentric axial dipole at this site; however, reversed polarity intervals have a mean inclination of -51.1°, shallower than expected. This can be attributed to shallowing of reversed polarity directions by the steep downward-directed drilling overprint, shown clearly in the orthogonal projections (Fig. F2A) .
Sites 1209-1212 are located on the Southern High of Shatsky Rise (Fig. F1) . Multiple holes were drilled at each site and composite sections were constructed using shipboard MST data. Discrete sample cubes were only collected from Holes 1209A, 1210A, 1211A, and 1212A. Shipboard data from the pass-through magnetometer are consistent between the different holes at each site and confirms the interpretation of the magnetic stratigraphy (see Shipboard Scientific Party, 2002) .
As for Site 1207, orthogonal projections from discrete sample data show two components: a steep downward drilling-related overprint and well-defined characteristic components (Fig. F2B, F2C, F2D, F2E ). In most cases the drilling-related overprint was easily removed in peak AF fields of 10-20 mT. Little of the NRM remained at peak fields of 60 mT. MAD values are generally <5° throughout the sections. The expected inclination for the Southern Rise is 51°; again, all the sites show slightly steeper than expected inclinations in normal polarity zones and shallower than expected inclination in reversed polarity zones. The magnetostratigraphic age models indicate mean sedimentation rates between 1 and 3 cm/k.y. for most of the Neogene (Fig. F2B, F2C, F2D, F2E) .
The polarity interpretation at Sites 1209, 1210, and 1211 is unambiguous back to Subchron C3Bn (Table T2 ; Figs. F5, F6, F7 ). Below this level, interpretation becomes difficult due to decreasing sedimentation rates leading to a hiatus recognized at all sites between the upper Miocene and Oligocene and older sequences. At Site 1212, a hiatus accounts for the interval between 4 and 5 Ma (Chron C3), and the polarity interpretation can be accomplished to Subchron C4n.2n (Fig. F8) . This interpretation of the sequence of polarity zones is confirmed by shipboard biostratigraphy. The interpretation of the polarity stratigraphy was carried out using data measured shipboard augmented with discrete sample cubes. When the magnetostratigraphic data were placed on the composite depth scale, the reversal boundaries were found to be consistent between holes, indicating that there is very little error in the depths of polarity zone boundaries or in composite depth calculations. The magnetic measurements made shipboard do include a small amount of error due to the response function of the shipboard magnetometer. The response function of the wide-access magnetometer used to measure half-cores is ~10 cm, resulting in a centimeter-scale uncertainty in the placement of the reversal boundaries.
Site 1208 is located on the Central High of Shatsky Rise and also provided an expanded late Miocene-Holocene section. The magnetic stratigraphy from Site 1208 will be presented elsewhere (Evans et al., unpubl. data) . C1r.1r C1r.1n
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ASTROCHRONOLOGY
Cycles were visually identifiable in L* reflectance data from all five of the sites in this study. For Sites 1209, 1210, and 1211, we worked with spliced composite records rather than data from a single hole. Reflectance data were initially placed on the magnetostratigraphic age model based on the polarity timescale of Cande and Kent (1995) . Power spectra for untuned sections of reflectance data placed on this age model consistently show a concentration of power at orbital frequencies, particularly around the 41-k.y. obliquity cycle (Fig. F9) .
The reflectance records were then tuned to the astronomical solution for obliquity from Laskar et al. (1993) , as this was the most visually identifiable cycle in the reflectance data and the power spectra for different time intervals in all the sites showed a concentration of power at the obliquity frequency (Fig. F9) . In constructing the astrochronological age model, we assume that there was no phase lag between the orbital forcing and the response. For convenience, the reflectance data were broken up into 1-m.y. intervals when compared to the astronomical solution and each site was tuned independently. Cycles were readily apparent in the reflectance data for all sites, and tuning of the record required a minimum of adjustment of peaks in the reflectance data to the astronomical solution (Figs. F10, F11, F12, F13 ). Astronomically tuned ages were calculated for polarity reversals in the 1-to 8-Ma interval at Site 1207 (Table T3) . At Site 1209, tuning was performed in the 1-to 7-Ma interval and at Sites 1210 and 1211 in the 1-to 5-Ma interval. Site 1208 has also provided an astrochronological age model for the 1-to 6-Ma interval (Fig. F11 ) and is included in Table T3 . The tuned age models are compared to each other (Table T3 ) and are compared with other recently published astrochronologies for this time period (Table T4) . The output of a bandpass filter centered on 41 k.y. is shown below the astronomical solution for obliquity and the raw reflectance data in Figures F10, F11, F12, F13 , and F14.
To test the validity of the timescale we used cross-spectral analysis performed using the Blackman-Tukey method and Analyseries software (Paillard et al., 1996) . Coherence between the reflectance data and the astronomical solution for obliquity was significant at all the sites, although the coherence values depend on which time interval is being examined. At Site 1207 coherence was ~0.8 for the 1.2-to 1.8-Ma and 6.2-to 6.8-Ma intervals (Fig. F15A) . The coherence values at Site 1208 were >0.8 for the entire 1-to 6-Ma interval. Sites 1209, 1210, and 1211 also showed coherence values between 0.8 and 1 (Fig. F15C-F15E ).
DISCUSSION
Comparison of the tuned ages for polarity reversal boundaries at the five sites in the 1.5-to 2-Ma interval showed that polarity chron ages are in good agreement. For other time intervals there are some significant differences (more than an obliquity cycle) between sites ( Table T3) . Intervals with enhanced 41-k.y. power in reflectance data are considered more reliable (bold in Table T3 ). Site 1208 showed the strongest cyclicity, with Site 1207 also showing a clear signal in some intervals, particularly the 2.1-to 2.7-Ma and 4.5-to 5-Ma intervals.
During ODP Leg 138 to the eastern equatorial Pacific, 11 sites were drilled and most of them showed a prominent cyclicity in GRA density. Shackleton et al. (1995) used these cycles in GRA density records to pro- 
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duce an orbitally tuned age model for the 0-to 12.5-Ma interval. They worked entirely in the time domain comparing smoothed GRA density records with the target record of summer insolation at 65°N. In their tuning they assumed that no phase lag existed between insolation and GRA density controlled by proportion of SiO 2 and CaCO 3 (high density), high carbonate content being associated with high Northern Hemisphere insolation. Age control points were added to the data to align prominent groups of density maxima. The records were broken into 0.8-m.y. intervals for convenient viewing. Each site was tuned independently over the chosen time interval. Shackleton et al. (1995) found that some intervals in these records were more easily tuned than others, similar to results from Leg 198. Shackleton et al. (1995) noted that it was difficult to tune the 0-to 1-Ma interval, which was also the case at four of the Leg 198 Sites (1208 , 1209 , 1210 , and 1211 Shackleton et al. (1995) indicate consistency for the 1-to 8-Ma time interval (Table T4) . Hilgen et al. (1995) developed an astronomical timescale for the interval from 3 to 9.7 Ma using lithologic cyclicity seen in sedimentary sections in the Mediterranean. These sections comprise open marine sediments that alternate between carbonate-rich and carbonate-poor marls or homogeneous marls and sapropels. The individual sapropels were related to precession minima and the clusters of sapropels to the 400-k.y. eccentricity cycles. In tuning the section, the target curve used was the 65°N summer insolation curve. To obtain an astronomical age for the youngest polarity reversal in the sequence, Hilgen et al. (1995) took the Shackleton et al. (1995) age for the onset of Subchron C3An.2n of 6.576 Ma. They then matched the lithologic cycles in the section to the astronomical solution using the correlation of sapropel clusters to eccentricity. The age of the calibration point (6.576 Ma) had to be adjusted to 100 k.y. older to establish a consistent correlation between sapropel clusters and eccentricity maxima. The ages from Hilgen et al. (1995) differ significantly from those from Leg 198 in the 6-to 8-Ma interval (Table T4) . At the top of Subchron C3Bn the difference is >200 k.y. In the interval from 7.2 to 8.1 Ma, the difference is ~100 k.y., which is the amount of adjustment of the 6.576-Ma tie point used by Hilgen et al. (1995) for the age of the youngest polarity reversal in their section.
ODP Site 926 on the Ceara Rise also produced an orbitally tuned timescale from 5 to 14 Ma (Shackleton and Crowhurst, 1997) . This timescale cannot be directly compared with the Leg 198 timescale because of a lack of polarity reversals at Site 926. Backman and Raffi (1997) used the cyclostratigraphic age model from Site 926 to calibrate ages of the calcareous nannofossil datums for the late Miocene. These ages were then compared with the biomagnetochronology from Site 853 (ODP Leg 138). The center of the peak in abundance of transitional morphotypes of Triquetrorhabdulus rugosus at Site 853 occurred 120-130 k.y. after the corresponding peak at Site 926. The age estimates of Hilgen et al. (1995) were then applied to the Site 853 data and the peak center was found to coincide at Sites 853 and 926. Therefore, Backman 
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and Raffi (1997) considered that the Hilgen et al. (1995) ages are more reliable in this interval than the ages of Shackleton et al. (1995) . Lourens et al. (in press ) recalibrated the Miocene astronomic timescales of Shackleton and Crowhurst (1997) and Hilgen et al. (1995) using the astronomic solution of Laskar et al. (2004) . For the last 13 m.y., the retuning resulted in almost negligible changes in the ages of reversal boundaries (Lourens et al. in press ). For the 6-to 8-Ma interval, the ATNTS2004 is in close agreement with that of Hilgen et al (1995) and therefore differs significantly from the results of this study.
CONCLUSIONS
Five sites from Shatsky Rise produced high-quality magnetic stratigraphies from the late Miocene to Holocene. Cycles identified in reflectance data from Sites 1207-1211 allowed astronomic calibration of the polarity reversal sequence from ~8 Ma to present. The assumption that there is no phase lag between sedimentary cyclicity and the astronomical parameters allowed the cycles to be tuned to the astronomical solution for obliquity. Cross-spectral analysis on the tuned age model indicated high coherence between the astronomic solution and the reflectance data and confirms the reliability of the tuning. The age model has been compared with other published astrochronologies and is found to be in good agreement with Hilgen (1991a Hilgen ( , 1991b (and, therefore, Cande and Kent [1995] ) in the 1-to 6-Ma interval. In the 6-to 8-Ma interval the age model differs significantly from that of Lourens et al. (in press) and Hilgen et al. (1995) from the Mediterranean. It is in better agreement with the ODP Leg 138 timescale of Shackleton et al. (1995) from the Pacific Ocean.
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APPENDIX
Paleomagnetic data are presented in Tables AT1, AT2, Inclination and rotated declination from the shipboard pass-through magnetometer after AF demagnetization at peak fields of 20 mT (gray line). Chrons are labeled according to Cande and Kent (1992) . Black = normal polarity, white = reversed polarity. Also shown are the maximum angular deviation (MAD) values calculated for discrete sample data (after Kirschvink, 1980 C3An.1n
C4n.1n
C3n.2n
C5n.2n
C5n.1n . Inclination and rotated declination from the shipboard pass-through magnetometer after AF demagnetization at peak fields of 20 mT (gray line). Chrons are labeled according to Cande and Kent (1992) . Black = normal polarity, white = reversed polarity. Also shown are the maximum angular deviation (MAD) values calculated for discrete sample data (after Kirschvink, 1980) . C1r.1r C1r.1n
C2n
C2Ar
C3r
C3An.1n . Inclination and rotated declination from the shipboard pass-through magnetometer after AF demagnetization at peak fields of 20 mT (gray line). Chrons are labeled according to Cande and Kent (1992) . Black = normal polarity, white = reversed polarity. Also shown are the maximum angular deviation (MAD) values calculated for discrete sample data (after Kirschvink, 1980 
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Figure F7. Site 1211 component inclination and declination from discrete samples (open squares). Inclination and rotated declination from the shipboard pass-through magnetometer after AF demagnetization at peak fields of 20 mT (gray line). Chrons are labeled according to Cande and Kent (1992) . Black = normal polarity, white = reversed polarity. Also shown are the maximum angular deviation (MAD) values calculated for discrete sample data (after Kirschvink, 1980 Figure F8 . Site 1212 component inclination and declination from discrete samples (open squares). Inclination and rotated declination from the shipboard pass-through magnetometer after AF demagnetization at peak fields of 20 mT (gray line). Chrons are labeled according to Cande and Kent (1992) . Black = normal polarity, white = reversed polarity. Also shown are the maximum angular deviation (MAD) values calculated for discrete sample data (after Kirschvink, 1980 Figure F10 . The astronomical solution for obliquity (Laskar, 1993) compared with tuned L* reflectance data from Site 1207 for the 0-to 7-Ma interval. Bandpass-filtered reflectance data centered on 41 k.y. is shown in the lower part of each frame. Black = normal polarity, white = reversed polarity. Heavy line on L* reflectance data indicates intervals where the cyclicity is best developed. Figure F11 . The astronomical solution for obliquity (Laskar, 1993) compared with tuned L* reflectance data from Site 1208 for the 1-to 6-Ma interval. Bandpass-filtered reflectance data centered on 41 k.y. is shown in the lower part of each frame. Black = normal polarity, white = reversed polarity. Heavy line on L* reflectance data indicates intervals where the cyclicity is best developed. Figure F12 . The astronomical solution for obliquity (Laskar, 1993) compared with tuned L* reflectance data from Site 1209 for the 1-to 7-Ma interval. Bandpass-filtered reflectance data centered on 41 k.y. is shown in the lower part of each frame. Black = normal polarity, white = reversed polarity. Heavy line on L* reflectance data indicates intervals where the cyclicity is best developed.
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Reflectance ( Figure F13 . Astronomical solution for obliquity (Laskar, 1993) compared with tuned L* reflectance data from Site 1210 for the 1-to 5-Ma interval. Bandpass-filtered reflectance data centered on 41 k.y. is shown in the lower part of each frame. Black = normal polarity, white = reversed polarity. Heavy line on L* reflectance data indicates intervals where the cyclicity is best developed. Figure F14 . The astronomical solution for obliquity (Laskar, 1993) compared with tuned L* reflectance data from Site 1211 for the 1-5 Ma interval. Bandpass-filtered reflectance data centered on 41 k.y. is shown in the lower part of each frame. Black = normal polarity, white = reversed polarity. Heavy line on L* reflectance data indicates intervals where the cyclicity is best developed. Notes: Polarity chron labels are according to Kent (1992, 1995) . Ages of chrons are from Cande and Kent (1995 Table T3 . Comparison of astrochronological age models for Sites 1207-1211.
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Notes: Bold = most reliable ages in intervals where cyclicity in reflectance is best defined. Italics = differences between tuned ages and those of Cande and Kent (1995) .
Chron Age (ka) CK95 (Hilgen 1991a (Hilgen , 1991b Table T4 . Astrochronological ages for Leg 198 compared to published ages.
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Notes: Italics = differences between Leg 198 tuned ages and Hilgen et al. (1995) and Shackleton et al. (1995) .
Chron Age (ka) (CK95) Hilgen (1991a Hilgen ( , 1991b Leg 198 Shackleton et al.
Hilgen et al. 
